Preferential nucleation of dynamic grains at triple junction (TJ) was investigated in copper tricrystal during high-temperature deformation. The nucleation of the dynamic grains at the TJ was observed at much lower strain than the peak strain where dynamic recrystallization (DRX) extensively took place. Further straining caused the incremental nucleation of dynamic grains on sliding grain boundaries accompanied by grain-boundary migration and serration. This occurred also at relatively lower strain than the peak strain. The DRX grains evolved to the most area of the tricrystal when deformed to about the peak strain. The observed preferential nucleation of DRX grains at the TJ was considered with relation of stress and deformation concentration there induced by folding and grain-boundary sliding.
Introduction
Single-phase polycrystalline materials are composed of single crystals, grain boundaries and triple junctions (TJs). Numerous researches have been carried out about the roles of the grain boundary in mechanical behaviors at high temperatures, e.g. creep, 1, 2) fracture strength, 3, 4) fatigue 5) and so on. Sometimes, researches were carried out with usage of orientation controlled bicrystals to reveal clearly the effects of grain boundaries on the high-temperature mechanical behaviors. It is known well, therefore, that grain boundaries strongly influence above phenomena and behaviors. In contrast, the effect of TJ on the mechanical behaviors has been merely studied and being ignored, as far as the authors know. It might be because of complexity to analyze and understand TJ related phenomena due to much parameters, which originate from orientation of three abutting grains. In the case of two dimensional simulation of grain growth, the TJs seem to be treated just as intersecting points of grain-boundary 'lines' having no effect on the growth, though this would be the extreme case. However, Gottstein et al. 6) have recently reported that TJ influences results in a reduced rate of microstructure evolution during grain growth.
When a polycrystalline metallic material is loaded at ambient temperature, higher stress concentration takes place at around grain boundaries than in grains due to elastic or plastic incompatibility. This stress concentration is more emphasized at around the tip of the TJ. 7) Sisanbaev and Valiev 2) have reported the importance of the TJ during creep in relation with grain-boundary sliding (GBS) and its accommodation at the TJ. Impediment of the GBS by the TJ sometimes causes a preferential cracking. 8) On the other hand, it is known that DRX occurs easily in the places having high dislocation density and large strain gradient. In fact, it is reported that DRX takes place preferentially at grain boundary, 9) deformation band 10) and precipi- * 1 Corresponding author: E-mail: miura@mce.uec.ac.jp * 2 Graduate Student of The University of Electro-Communications.
tates/matrix interfaces.
11) Furthermore, Cahn explained that the triple junction could be a nucleation site for static recrystallization.
12) Therefore, it should be naturally expected from the above cited former researches that TJ would be also preferential nucleation site for DRX. This is the motivation of the present study. For the simplicity of experimental understanding, a copper tricrystal containing one TJ was employed as an experimental material.
Experimental
A tricrystal of a 99.99% purity copper having random grain boundaries was grown by the Bridgman method. Schematic illustration of crystallographical orientation of the tricrystal is shown in Fig. 1 . Hereafter, the grains and the grain boundaries will be referred as G. Table 1 . The G.B. I, G.B. II and G.B. III are random-type boundaries. The random boundaries are known to slide easily at high temperature. The all dihedral angles were not so different as shown in Fig. 1 . It means that grain-boundary energies among the three random boundaries are almost same, and therefore, their intrinsic sliding behavior can be expected to be also almost same. 13) Furthermore, because of the dihedral angles and geometrical orientation of the three grain boundaries in Fig. 1 , sliding accommodation at the TJ is relatively difficult.
2) This indicates that stress concentration at the TJ caused by GBS should be high. The tricrystal was machined to 8 × 8 × 8 mm 3 cube samples. After mechanical and electritical polishing, very shallow scratch lines at intervals of 100 µm from the TJ were marked on the surfaces to measure amount of GBS during high-temperature deformation (see Fig. 3 ). The GBS measurement was not interfered by migration of the grain boundaries and the TJ because of its scarce occurrence at the surface of the sample, while extensively occurred in the center of the sample as will be shown in Fig. 4 . These cube samples were compressed on an Instrontype testing machine at 943K in vacuum at a true strain rate of 2.9×10 −4 s −1 followed by water quenching. For comparison, the component single crystals of the same dimension cut from the tricrystal were also deformed at the same testing condition. BN powder was used as a lubricant and this successively eliminated the barreling. Amount of GBS was measured by using optical microscopy. The evolved microstructure around the center of the specimen was observed in sections parallel to the compression axis by optical microscopy and scanning electron microscopy equipped with electron-back-scatteringpattern analyzer (SEM-EBSP (Hitachi S-3500)) after mirrorlike polishing and etching. Figure 2 shows stress-strain curves of (a) for the tricrystal and (b) for the component single crystals. The flow curve of the tricrystal is described also in Fig. 2 (b) for comparison. In Fig. 2 (a), after yielding, linear work hardening with increasing strain followed by first peak and stress oscillation beyond strain of 0.08 can be seen. The stress oscillation conventionally suggests occurrence of DRX. Because we expected the occurrence of DRX at the TJ at lower strains than the first peak strain, samples deformed to several strains lower than the peak strain were water quenched for microstructural observations. The strains were indicated by broken lines in Fig.  2 (a). Flow curves of the three single crystals (G. I, G. II and G. III) in Fig. 2 (b) show large drops in flow stresses just after sharp peak stresses following notable work-hardening. Yield stress of the "soft" grain G. II is lowest among the single crystals though work-hardening rate looks higher than that of "hard" grain, G. I. The appeared peak strain differs much depending on orientation of the single crystal. Such crystaldependent peak strain is brought by the differences in Schmid factor and slip systems among the single crystals. It should be noted that the peak strains of the single crystals were much higher than that of the tricrystal. This result suggests that DRX in the single crystal is more difficult to take place compared with that in the tricrystal, indicating grain boundaries and/or TJ stimulates DRX.
Results

Stress-strain curves and GBS
Results of measured GBS were summarized in Fig. 3 . Figure 3 (a) shows the average displacement of the scratch lines at positions of x, y and z, which corresponds to average amount of sliding of each boundary. Excepting G.B. I, the amount of GBS rapidly increases with increasing strain up to the peak strain of 0.08 due to applied shear stress on G.B. II and G.B. III. The observed saturation of GBS after the peak strain is due to the extensive occurrence of DRX and grain-boundary migration (GBM), as will be shown in Figs. 4 and 5. The GBS measured from the each scratched line on G.B. III is shown in Fig. 3(b) . The amount of GBS looks not to increase proportionally depending on the distance from the TJ.
The observed retardation of GBS on the scratch x compared with the others would suggest that strong suppression of GBS by the TJ especially around the low strain region up to ε = 0.035 and, therefore, stress concentration at the TJ is taking place. However, amount of GBS can increase again after onset of DRX at TJ accompanied by work softening, as will be shown later. Figure 4 exhibits the optical micrographs of the evolved microstructures. Before the deformation, three straight random boundaries meet at the TJ (Fig. 4(a) ).
DRX at around TJ
By slight straining to ε = 0.015, the grain boundaries and the TJ began to migrate (Fig. 4(b) ). The amount of TJ migration was more than 300 µm. At ε = 0.015, we can see relatively small bulge at point A as well as migration of G.B. II and G.B. III. The strain of 0.015 seems still not enough for expansive occurrence of DRX even at the TJ. By further straining up to ε = 0.035, macroscopically large DRX grains were observed to nucleate around the TJ (Fig. 4(c) ). This strain, where the clear DRX was observed at the TJ by the optical microscopy, is about half of the peak strain of 0.08. No other DRX grain was observed to nucleate on grain boundaries nor in grains. At the strain of 0.055, which is still lower than the peak strain, extensive evolution of DRX appeared around the TJ and on grain boundaries (Fig. 4(d) ).
The microstructures of the deformed samples were investigated by means of SEM-EBSP. The orientation images scanned by 40 µm step were shown in Fig. 5 . It can be clearly observed that DRX grains preferentially nucleated and developed around the TJ with increasing strain. Because the nucleated grains had relatively large misorientation, it is supposed that they were discontinuously nucleated. At the strain of 0.015, a new DRX grain, which is twin, can be seen to already appear at the TJ in the orientation image obtained by 20 µm step scanning (Fig. 6 ). Finer DRX grains may be already nucleated at this strain. Only 0.015 plastic strain is enough for DRX at the TJ. It should be noted that most of the nucleated grains contain Σ3 (twin) boundaries presented by bold black lines in Fig. 5 .
The orientation distribution of all the nucleated grains around the TJ was analyzed. The result of the smallest misorientation angle or the smallest Σ value among grain boundaries surrounding the nucleated grains was summarized in Fig. 7 . If one of the grain boundaries surrounding the nucleated DRX grain was twin (Σ3), it was counted as a twin and the others were ignored. This is because that the nucleated twin must have fatally a special relationship with one abutting grain originated. Though only 20 grains were analyzed in Figs. 5, 15 grains were twins. Among the 15 grains having twin boundaries, furthermore, 3 of them also had Σ9 boundaries. These Σ9 boundary would be further formed by multiple twining. These are additionally shown in Fig. 7 by a dashed square. The probability of twin nucleation is abnormally high. Therefore, it should be expected that the DRX nucleation at TJ is essentially twin formation under the present test condition.
Discussion
A pure copper tricrystal was hot deformed and its DRX behavior especially at TJ was systematically investigated. And it was found that TJ can be the most preferential nucleation site for DRX. These experimental results will be discussed below correlating with stress and deformation concentrations at the TJ induced by GBS.
GBS and TJ
When shear stress is applied on grain boundary at efficiently high temperature, viscous GBS starts. Because GBS is assumed to be controlled by grain-boundary diffusion (GBD), 14) grain boundary can slide irrespective of magnitude of applied stress. In fact, it is reported that extensive of GBS is possible even under applied stress much lower than yield stress.
15) The very early stage of GBS observed at the strain lower than the yield strain in the present study would be by such viscous motion of grain boundary. For instance, sliding of the G.B. III is controlled by diffusion of the G.B. III at this region.
As the amount of sliding increases, GBS would soon be suppressed at the TJ. Here after, each GBS can not be controlled by its individual GBD. If the GBS is suppressed, mass transportation from the TJ to the other place is necessary to continue the GBS. Therefore, for instance, sliding of the G.B. III becomes to be controlled by the mass transportation by the summed diffusivity of the G.B. I and the G.B. II. Of course, volume diffusion near the TJ may also affect the continuous GBS. Its effect, however, should be negligible smaller compared with that of GBD, because it is believed GBD is one or two orders faster than volume diffusion. 16) Such occurrence of GBS and its impediment by the TJ should cause severe stress concentration at the TJ. Because sliding accommodation at the TJ in the present tricrystal should be geometrically difficult, degree of the stress concentration at the TJ is expected to increase abruptly with increasing applied stress and continuous occurrence of GBS. Chen et al. 7) calculated the stress concentration at TJ at room temperature and showed that the stress at the TJ was intensified sometimes twice compared with that far from the TJ even in elastic region. The combined stress concentration due to GBS and elastic/plastic incompatibility induces preferential plastic deformation around the TJ even in the stress region lower than the macroscopic yield stress.
By further straining, dislocations from the matrices would begin to affect the phenomena near the TJ. Deformation concentration should take place at the TJ. Though surface morphology of the deformed tricrystals could not be investigated in the present study, some grain-boundary related phenomena such as grain-boundary affected zone and fold may be formed. Grain-boundary affected zone is area in the matrix in the vicinity of grain boundary where its behavior of plastic deformation is affected by the presence of grain boundary and the abutting grain. Fold is locally and severely deformed area in the matrix near TJ caused by impediment of GBS. It is known that fold is easily formed when directions of GBS and primary slip are close to each other, 2) and then, GBM and TJ migration take place toward the direction of the fold. 17) If the above explanation is applied to the present study, it can be expected that fold would be formed in the G. III (see Fig. 1 ) and the TJ would migrate toward the G. III along the fold. In fact, the TJ and grain boundary migrated toward the G. III as already shown in Figs. 4(b) and (c), and Fig. 5(a) . Gottstein et al. 6) reported that TJ reduced rate of microstructure evolution during grain growth. This would imply that migration of TJ is relatively difficult compared with GBM during annealing. Contrary to that, the TJ seemed to migrate preferentially because of folding evolved during high-temperature deformation in the present study. It should be interesting to note, therefore, that behavior of the TJ during static recrystallization and during DRX are completely different. Furthermore, by formed strain field near the grain boundaries, strain induced GBM migration took place. Among the single crystals composing the present tricrystal, "soft" crystal should be more deformed when compared with "hard" crystal at the low strain region. The G.B. I and G.B. III were observed to migrate toward the softest crystal, G. II to high stored energy near the grain boundary caused by plastic incompatibility (see Fig. 4 ). In Figure 3(a) , small amount of sliding of the G.B. I could be seen in spite of absence of the shear stress. This would be induced by the plastic incompatibility and its sliding accommodation between the G. II and G. III. 
DRX grain nucleation at TJ
Preferential and frequent dynamic nucleation at TJ was experimentally observed at a plastic strain of 0.035 (Figs. 4(c)  and 5(b) ). This strain is about half of the peak strain where DRX frequently occurs. At this strain, occurrence of DRX was not observed in any other places. It can be concluded, therefore, that TJ is a preferential nucleation site for DRX. It should be because that stress concentration and deformation concentration accompanied by high dislocation density at TJ takes place mainly by the occurrence of GBS. Such condition must be provided locally and preliminary at the TJ even at lower strain region than the yield strain.
Further observation in the tricrystal deformed to a strain of 0.035 was carried out carefully on the sections along the TJ line by each 0.2 mm step by mechanical and electritical polishing. Only four grains were observed to nucleated along the TJ line of 8 mm in length. One of them was already exhibited in Fig. 5(b) . All the nucleated four grains kept Σ3 orientation relationship with G. I. Therefore, essential mechanism of the nucleation at TJ may possibly be nucleation of twin. These nucleated twins had slightly elongated shape along the TJ line whose major axes were about 1 mm in length while the minor axis was roughly about 0.6 mm. It is reasonable that the nucleated grains grew along TJ lines first, because the TJ must be the mostly strained part in the tricrystal. By further straining up to ε = 0.055, recrystallized area was widely propagated from the TJ into grains. At this strain, several dynamic grains were observed to nucleate on the G.B. II and the G.B. III. The most of the evolved grains shown in Fig. 5(c) were also twins having Σ3 relationship with the G. I. Though the TJ migrated along the fold formed in the G. III first, and next, the G.B. I and the G.B. III migrated toward the G. II by further straining. This should be due to strain inhomogeneity by plastic incompatibility. That is, especially at the low strain region, 'soft' G. II was more strained compared with the other 'hard' crystals (G. I and G. III), and then, strain induced GBM took place easily toward the G. II.
The nucleated twins seemed to have close relation with the occurrence of GBM, because that DRX nucleation had a tendency to take place where GBM occurred. Mahajan et al. 18) have proposed a twin formation mechanism; twins evolve in lateral glide away to the migrating boundaries of new grains in result of partial dislocations reactions at the expense of grainboundary energy. In the present study, the most of the DRX grains seemed to nucleate keeping Σ3 relationship with G. II behind the migrating TJ or grain boundary. Therefore, their proposing mechanism would be most suitable to understand the present DRX around TJ.
To reveal generality of the preferential nucleation and twin formation at TJ, another tricrystal which consists of [001] tilt 15
• , 18
• , 37
• (Σ5) boundaries were deformed under the same temperature and strain rate. And the developed microstructure was analyzed using SEM-EBSP. Monzen et al. 13) have shown that GBS takes more easily with increasing grainboundary energy. The energies of the present [001] tilt 15
• (Σ5) boundaries are relatively lower than that of random boundary. 19) It is expected, therefore, that these grain boundaries would not slide easily as much as random boundary. The result is shown in Fig. 8 . Although a new grain was observed to nucleate at TJ, another grain was also nucleated on the 15
• grain boundary. The strain where DRX nucleation took place was 0.135. Large scale of TJ migration was not occurred. This would suggest that comparable stress concentration could not be easily generated at the TJ in this tricrystal. The above experimental results indicate that TJ can not be always the most preferential nucleation site in the tricrystal where GBS is not so easy. Furthermore, the evolved grain at the TJ was not twin. Therefore, it is concluded that twin nucleation at TJ may be not general tendency in all TJs.
Besides, it is known that grain boundary, 9) deformation band 10) and precipitates 11) also behave preferential nucleation sites for DRX. However, much larger straining is necessary for their activation as nucleation sites compared with the case of nucleation at TJ. For the nucleation at grain boundary, GBM or formation of grain-boundary steps by plastic deformation to impede GBS are necessary. In case of nucleation at deformation band and precipitates, further straining should be necessary. Therefore, TJ is the most preferential site for DRX nucleation than the other sites under the condition where GBS takes place easily. Under the conditions of low temperature or high strain rate, GBS hardly takes place. In this case, deformation band or precipitates can be the more preferable nucleation sites.
Conclusions
Occurrence of dynamic grain nucleation at triple junction (TJ) in a copper tricrystal was investigated. Dynamic grains were observed to nucleate preferentially and frequently at the TJ even at much lower strain than peak strain. Such observed nucleation at the TJ was supposed to be caused by large stress concentration and deformation concentration at the TJ induced by grain-boundary sliding (GBS). Therefore, the TJ is the most preferable nucleation site for dynamic recrystallization (DRX) especially under condition where GBS can easily occur.
The TJ could migrate easily during high-temperature deformation. This observed easy migration of the TJ was brought by GBS and formation of fold. Grain-boundary migration toward folding and 'soft' crystal seemed to have important role for the nucleation.
Most of the DRX grains at the TJ were twins. Therefore, the most available mechanism of DRX at TJ seemed to be twining. However, such tendency was not observed in the tricrystal in which GBS was relatively hard. Therefore, the observed twin formation at the TJ was affected indirectly by GBS.
